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Edited by Varda RotterAbstract It has been demonstrated that the human tumor sup-
pressor p53 has an important role in modulating histone modiﬁ-
cations after UV light irradiation. In this work we explored if the
p53 Drosophila homologue has a similar role. Taking advantage
of the existence of polytene chromosomes in the salivary glands
of third instar larvae, we analyzed K9 and K14 H3 acetylation
patterns in situ after UV irradiation of wild-type and Dmp53 null
ﬂies. As in human cells, after UV damage there is an increase in
H3 acetylation in wild-type organisms. In Dmp53 mutant ﬂies,
this response is signiﬁcantly aﬀected at the K9 position. These re-
sults are similar to those found in human p53 mutant tumor cells
with one interesting diﬀerence, only the basal H3 acetylation of
K14 is reduced in Dmp53 mutant ﬂies, while the basal H3-K9
acetylation is not aﬀected. This work shows, that the presence
of Dmp53 is necessary to maintain normal H3-K14 acetylation
levels in Drosophila chromatin and that the function of p53 to
maintaining histone modiﬁcations, is conserved in Drosophila
and humans.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Drosophila1. Introduction
In response to diﬀerent genotoxic insults, the p53 protein
activates the transcription of genes that control cell cycle,
DNA repair and apoptosis [1,2]. The human p53 (hp53) is af-
fected in most human cancers and its function as a tumor sup-
pressor has been extensively documented [3,4]. Indeed, hp53
interacts with factors involved in DNA synthesis, DNA repair
and homologous recombination extending its role to most of
the functions that maintain the stability of the genome [5].
The post-translational regulation of hp53 is very complex
and includes phosporylation, acetylation, ubiquitination,
sumoylation and methylation [6].
Chromatin remodeling is necessary to allow the access of the
DNA repair machinery to the damaged areas of chromosomes.
After UV light irradiation, there is an increase in acetylated
histones, indicating that the induction of relaxation of chroma-*Corresponding author. Fax: +527773172388.
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doi:10.1016/j.febslet.2005.12.083tin is an initial step in DNA repair [7]. Recently, it has been
documented that hp53 may have a role in modulating chroma-
tin relaxation during nucleotide excision repair (NER) [8].
These studies reported that human tumor cells deﬁcient in
hp53 have abnormal low levels of acetylated H3 histone. In
particular, the increase of acetylation at K9 and K14 after
UV damage is aﬀected in the hp53 deﬁcient tumor cells and
the basal acetylation at K9 is reduced [8,9].
The Drosophila homologue of hp53 (Dmp53) has some iden-
tity to the hp53 mostly in the DNA binding domain [10]. Con-
trary to the known role of hp53 in cell cycle control, Dmp53
does not have the ability to induce G1 arrest after genotoxic
stress [11,12]. On the other hand, the role of Dmp53 in apop-
tosis induction is conserved [10–13].
In the present work, we explored if Dmp53 can inﬂuence
chromatin structure in response to UV-irradiation. Taking
advantage of the presence of polytene chromosomes in the sal-
ivary glands of third instar larvae, we analyzed the H3 acety-
lation (K9 and K14) pattern in situ after UV irradiation in
wild-type and Dmp53 null ﬂies. We found that after UV dam-
age, there is an increase in the H3 acetylation level on these res-
idues in wild-type organisms. Interestingly, in Dmp53 mutant
ﬂies, this response is only signiﬁcantly aﬀected in K9 acetyla-
tion. These results are similar to the eﬀect on H3 in human tu-
mor cells deﬁcient on hp53. Interestingly only the basal H3
K14 acetylation is reduced in Dmp53 mutant ﬂies, while the
basal H3-K9 acetylation is not aﬀected, suggesting that
Dmp53 is necessary to maintain basal H3-K14 acetylation lev-
els in Drosophila chromatin. This is in contrast to the ﬁndings
in human cancer cells where it is not. Although there are some
diﬀerences with human cells, these results show that the basic
function of p53 in establishing and inducing histone modiﬁca-
tions is conserved in Drosophila.2. Materials and methods
2.1. Drosophila strains
The wild-type strain in all the experiments was OreR. The Dmp53null
strain used in this work is reported in [22]. This line was generated by
homologous recombination and is homozygous viable [22].
2.2. UV light irradiation of third instar larvae
Hundreds of third instar larvae wild-type and Dmp53null/Dmp53null
were collected and irradiated at 150 and 200 J/m2 using a sterilization
short wave UV lamp (model XX-15S, 254 nm, Ultraviolet products),
and a radiometer (UVX-25 range: 0.1–20 mW/cm2, with a 240–230 nmblished by Elsevier B.V. All rights reserved.
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were incubated at 25 C for 30 min and the salivary glands dissected
for polytene chromosomes preparation.
2.3. Inmunolocalization of modiﬁed histones and quantiﬁcation
Fixation and spreading of the chromosomes essentially followed the
reported protocol of Engels [23]. The chromosome immunostaining
was modiﬁed to reduce background essentially using the protocol pre-
viously reported [14]. The antibodies used were: anti-histone H3-
K9 Æ acetylated-K14 Æ acetylated, anti-histone H3-K9-acetylated and
anti-H3-K14 Æ acetylated (Upstate). The chromosomes were incubated
with the secondary antibody for 1 hr at room temperature using ﬂuo-
rescein isothiocyanate (FITC)-conjugated anti-rabbit antibody.
The chromosomes were visualized in a Bio-Rad MRC-600 confocal
microscope.
The pixel intensity distribution in chromosomes was measured in
transects along the chromosomes, using the photon counting and
length proﬁle programs from the Bio-Rad confocal operating system
(Bio-Rad MRC-600). At last 20 genomes were analyzed in each condi-
tion. These values were plotted in a histogram representing the pixels
number against arbitrary intensity units. In this case the maximum va-
lue is of 256. In this kind of analysis what is considered is the diﬀerence
in the number of pixels with the maximum value, which represent the
accumulation of more target bound to the secondary antibody in the
preparations.
2.4. Statistical analysis
For chromosomes scanning we selected randomly about 2/3 of each
genome independently of the chromosomal arm. From this we ob-
tained 604 pixels/cell and after collecting a signiﬁcant number of data
from each condition we calculated the average of each frequency.Fig. 1. Diagram of the protocol for the quantiﬁcation of K9 andThese values were plotted in a histogram representing the value of each
pixel in function of the frequency. After plotting the pixel average fre-
quency in the diﬀerent conditions with the histone antibodies we per-
formed a X2 test using the Excel program. The X2 test was used to
determine if there was a signiﬁcant diﬀerence between frequency distri-
butions. If the P value of each X2 test was <0.05 then it was considered
that a signiﬁcant diﬀerence exists between the analyzed samples.3. Results
3.1. Rationale to measure the global H3 acetylation levels
directly on polytene chromosomes
We have previously demonstrated that the signal obtained in
polytene chromosomes by immunostaining can be semi-quanti-
tatively measured [14]. We used this procedure to evaluate
changes in the acetylation levels K9 and K14 of the histone
H3 in vivo, with or without UV light irradiation in polytene
chromosomes of wandering third instar Drosophila larvae sali-
vary glands. Third instar polytene chromosomes have been
extensively used in the analysis of chromatin structure and tran-
scriptional activation as well as to identify speciﬁc histone mod-
iﬁcations [15], therefore we consider that they are an excellent
system for the in situ analysis of chromatin modiﬁcations.
The acetylation levels were quantiﬁed from at least 20 indepen-
dent genomes in each condition using a photon counting proto-
col in a confocal microscope [14]. Since polytene chromosomesK14 acetylation of histone H3 in polytene chromosomes.
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these 20 independent genomes at least 60 chromosomes for
each condition. In addition we selected the most extended chro-
mosomes for the analysis.
The confocal data can be represented as a distribution of
pixels with diﬀerent intensities. The average distribution of
intensities obtained from diﬀerent sample treatments are plot-
ted in a histogram that represent the number (or percentage) of
each class of pixels in an arbitrary 8 bit ﬂuorescent gray scale
(256 values). The central concept in this kind of analysis is that
the distribution of pixels intensity classes are directly propor-
tional to the acetylation levels in diﬀerent chromosomal re-
gions (Fig. 1). The criteria to ﬁnd diﬀerences between two
conditions are established by the analysis of the distribution
of the signal intensities and the percentage of the pixels thatFig. 2. Eﬀect of UV light irradiation on H3 acetylation (K9 and K14) in wt an
polytene chromosomes before and after DNA damage. Note that the distribu
lines) after UV irradiation. Also note that the frequency of pixels with the
irradiated at 150 and 200 J/m2 is 1.7 · 106 and 4.7 · 1019, respectively.
polytene chromosomes. P value between non-irradiated and irradiated at 150
right as well as the maximum pixel value after UV light irradiation. (C) Com
between wild-type (blue) and Dmp53null/Dmp53null ﬂies (red). P value: 15 ·
genetic backgrounds suggesting that the basal H3 acetylation level is aﬀected
the percentage of pixels at maximum intensity in each genotype condition
distribution. The strain and the UV dosage are indicated. The asterisk in
chromosomes. The strain and the UV dosage are indicated. In A, B and C,have maximum intensity. This procedure has the advantage
over other techniques like western blots, in that it quantiﬁes
acetylated H3 that is a component of the chromatin and ex-
cludes free acetylated H3 or acetylated nucleosomes that are
located in the cytoplasm and/or in the nuclear lumen. A similar
kind of analysis, has been recently used to measuring the telo-
mere length by counting the signal intensity in a confocal
microscope by DNA and RNA FISH [16].
3.2. K9 and K14 H3 acetylation in polytene chromosomes is
increased after UV light irradiation
In order to ﬁnd out if there are diﬀerences in H3 acetylation
levels between wt and Dmp53 null mutant ﬂies before and after
DNA damage by UV irradiation, the chromosomes were ini-
tially stained with an antibody that recognizes both acetylatedd Dmp53 null organisms. (A) K9 and K14 H3 acetylation analysis in wt
tion of the histogram moves to the right part of the plot (red and yellow
maximum value (256) increases. P value between non-irradiated and
(B) K9 and K14 H3 acetylation quantitation in Dmp53null/Dmp53null
J/m2: 14 · 106. Note that also the histogram distribution moves to the
parison of the K9 and K14 basal acetylation levels of H3 acetylation
106. Note that the histogram distribution is diﬀerent between both
in the Dmp53null/Dmp53null background. (D) Column representation of
. (E) Column representation of the quantitation of the overall pixel
dicates the basal levels of acetylated H3 in wild-type and Dmp53null
the 256 pixel peak is indicated by an arrow.
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tone H3 acetylation (K9 and K14) in polytene chromosomes
from wt larvae without irradiation and after an irradiation
of 150 and 200 J/m2 (150 J/m2 is the half lethal dose for Dro-
sophila larvae [17]). The plot shows a normal distribution with-
out irradiation (blue line); after DNA damage the distribution
of the plot is displaced to the right (Fig. 2A, red and yellow
lines) The quantiﬁcation of the overall distribution frequency
and the number of pixels of higher intensity class (Fig. 2D
and E) indicates a net increase in K9 and K14 acetylation.Fig. 3. Eﬀect of UV light irradiation on K9 H3 acetylation in wt and Dmp53
polytene chromosomes before and after UV light irradiation. P value: 2.09 ·
the pixel value after UV irradiation increases as well as the pixel with the m
Dmp53null/Dmp53null non-irradiated chromosomes and after UV irradiation.
pixel with the maximum value, indicating that in the Dmp53 mutant the ac
acetylation level between wild-type and the Dmp53 null mutant. P value: 0.9
representation of the percentage of pixels at the maximum intensity showin
Dmp53 mutant. (E) Example of the basal H3-K9 acetylation pattern in wild-
can be observed in the staining intensity. (F) Column representation of the K9
that the total basal levels are similar between the wt and mutant chromosome
DNA damage. An arrow indicates the 256-pixel peak.These results are in accordance with previous reports that
show that histones are hyperacetylated after DNA damage
[7]. We also tested if there is an eﬀect on the H3 acetylation lev-
els after UV irradiation in a Dmp53 null strain. Polytene chro-
mosomes prepared from homozygous Dmp53 organisms were
stained with the same antibody that binds H3 acetylated at
K9 and K14 with and without UV irradiation. The quantiﬁca-
tion of the distribution of both plots and the quantiﬁcation of
the frequencies of highest intensity pixel (Fig. 2B, D and E)
show that there is also a signiﬁcant increase in the H3 acetyla-null organisms. (A) Quantiﬁcation of the K9 acetylation in wild-type
1012. Note that the overall frequency distribution of the histogram in
aximum value (256). (B) Quantiﬁcation of the H3-K9 acetylation in
Note that there are no changes in the histogram distribution or in the
etylation of K9 is aﬀected, P value: 0.31. (C) Comparison of the K9
53. Note that the pixel frequency is practically identical. (D) Column
g that the K9 acetylation response to DNA damage is aﬀected in the
type and Dmp53null/Dmp53null chromosomes. No signiﬁcant diﬀerences
-acetylation overall distribution in wt and p53null chromosomes. Note
s. However, there is a clear eﬀect on the increase in K9 acetylation after
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ingly, we also noted that the K9 and K14 acetylation basal dis-
tribution in the Dmp53 null strain is clearly displaced to the
left, corresponding to more chromosomal regions with lower
pixel intensity (Fig. 2C and E). This indicates that the H3 acet-
ylation is reduced in the Dmp53 null chromosomes compared
to the wt chromosomes (Fig. 2D and E).Fig. 4. Eﬀect of UV light irradiation of histone H3 K14 acetylation in wt and
polytene chromosomes before and after UV light irradiation. P value: 0.0000
pixel value after UV irradiation, only has a small increment and the pi
Quantiﬁcation of the H3-K14 acetylation in Dmp53null/Dmp53null chromosom
distribution but not in the pixel with the maximum value. (C) Comparison o
null mutant. P value: 1.5 · 10139. Note that the pixel frequency is very diﬀer
mutant chromosomes. (D) Column representation of the percentage of pi
Although the average 256 pixels value in Dmp53 null chromosomes does not
K14 acetylation response is not aﬀected. (E) Example of the basal H3-K14 a
Note that in the Dmp53 mutant chromosomes (indicated by the white lines) t
indicates the 256-pixel peak. (F) Column representation of the overall sign
acetylation basal levels are signiﬁcantly reduced.3.3. K9 acetylation increases after DNA damage and the K14
basal acetylation levels are reduced in Dmp53 null
organisms
It has been reported that a cancer cell line deﬁcient in p53
shows a decrease in the basal H3 acetylation levels, in which
K9 is particularly aﬀected [9]. Therefore, we decided to explore
whether one or both of the two acetylated residues were aﬀectedDmp53 null organisms. (A) Quantiﬁcation of the K14 acetylation in wt
6. Note that the overall frequency distribution of the histogram in the
xel with the maximum value has a signiﬁcant increment (256). (B)
es. P value: 7.3 · 1014. Note that there is a change in the histogram
f the basal levels of K14 acetylation between wild-type and the Dmp53
ent, indicating that basal K14 acetylation levels are reduced in Dmp53
xels at the maximum intensity at that the K14 acetylation response.
increase, the overall histogram distribution, change indicating that the
cetylation pattern in wild-type and Dmp53null/Dmp53null chromosomes.
here are regions with signiﬁcantly less K14 acetylated signal. An arrow
al intensity in wt and Dmp53 null chromosomes. Note that the K-14
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question, we followed the same strategy, but now using antibod-
ies that recognize either acetylated K9 or K14 of histone H3 (see
material and methods). In wt chromosomes, there is a clear in-
crease in the K9 acetylation levels after UV irradiation (Fig. 3A,
D and F). Interestingly, basal K9 acetylation levels are not af-
fected in chromosomes from the Dmp53 null strain (Fig. 3B,
D and F). However, these levels do not change signiﬁcantly
after UV irradiation (Fig. 3B, D and F). This result diﬀers to
the work reported by Allison andMilner [8,9], which shows that
in p53 mutant human cells the H3-K9 basal acetylation level is
aﬀected. Our results show that inDrosophila,Dmp53 is required
to increase K9 acetylation after UV irradiation, but it is not re-
quired to establish the basal K9 acetylation levels.
Having determined the K9 acetylation levels, it was impor-
tant to determine whether the basal K14 acetylation in H3
was aﬀected in the Dmp53 mutant. In wt organisms there is
an important increase of K14 acetylation after UV irradiation
(Fig. 4A, D and F). Interestingly K14 basal acetylation is dra-
matically aﬀected in the Dmp53 mutant when compared to the
wt (Fig. 4C, D and F). This diﬀerence is so evident that it can
be observed directly in non-irradiated polytene chromosomes
immunostained with the antibody (Fig. 4E). When we ana-
lyzed the Dmp53 mutant in response to UV irradiation, we no-
ticed that although there is not an increase in the number of
sites with the highest signal intensity after UV irradiation in
the Dmp53 null chromosomes (Fig. 4B and D), K14 acetyla-
tion seems to increase since the shape of the overall distribu-
tion is displaced to the right in the plot and the
quantiﬁcation of the overall distribution frequency shows a
signiﬁcant increment in the mutant chromosomes (Fig. 4B
and F). The absence of an increase in the number of sites at
the highest point (256) after UV irradiation in the Dmp53 null
ﬂies could be explained because of a reduction of the basal K14
acetylation level (Fig. 4F). These results indicate that Dmp53
is required to maintain the basal levels of acetylation in the
K14 residue of the histone H3, but the mechanism of response
to DNA damage that acetylates K14 seems to be functional or
at least not dramatically aﬀected.4. Discussion
It is well documented that in mammalian cultured cells there
is a global increase of histone acetylation after UV irradiation,
thus allowing chromatin relaxation [18–21]. It has recently
been shown that in human cancer cells, hp53 is part of the
mechanism that induces histone acetylation in response to
DNA damage by UV irradiation [8,9].
Therefore,we explored if theDrosophilahomologue has a sim-
ilar function in histone acetylation afterUV inducedDNAdam-
age. The ﬂy is the only system in which we can analyze the eﬀect
of mutants involved in genome stability, like Dmp53, and ana-
lyze histone modiﬁcations in the whole organism while directly
visualizing these modiﬁcations in the chromosomes.
The results presented here show that there are some similar-
ities and diﬀerences between ﬂy and human cells. For in-
stance, in wt third instar larvae, we found that there is an
increase in the acetylation of K9 and K14 in the histone H3
in response to UV light irradiation. This observation is simi-
lar to previous reports in mammalian cells. Other similarity
between both systems is that mutations in p53 aﬀect the in-crease in the K9 acetylation after DNA damage, but not
the acetylation of K14 in H3. On the other hand, both,
hp53 and Dmp53 are required to maintain the basal histone
H3 acetylation levels. In the case of human cells, the basal
K9 acetylation level seems to be preferentially diminished
when hp53 is mutated [9]. In the case of Drosophila, K14 ba-
sal acetylation is dramatically reduced by the absence of
Dmp53. Several scenarios may explain these diﬀerences. The
ﬁrst is that since not all p53 functions are conserved between
hp53 and Dmp53 and the only region with signiﬁcant identity
between both proteins is the DNA binding domain, it is pos-
sible that the interactions with factors involved in histone
modiﬁcations are diﬀerent. Other possibility is that cancer
cells deﬁcient in hp53 could have other mutations. Usually
they are aneuploid and therefore a mutanted hp53 may inter-
act with other mutated genes producing a phenotype on his-
tone modiﬁcations. Related to this point is relevant to
mention that in the Dmp53 null ﬂy used in this study only
Dmp53 is aﬀected [22] and therefore the eﬀects that we ob-
serve in H3 acetylation are due only to this mutation.
The fact that a deﬁciency in Dmp53 produces a phenotype in
basal H3 acetylation levels and in the increase of histone acet-
ylation after UV light irradiation, indicates there is an impor-
tant cross-talk between chromatin modiﬁers, Dmp53 and the
NER machinery in the ﬂy. A similar network has been sug-
gested to exist in human cells [20] and therefore the ﬂy becomes
an interesting model to study the mechanisms that operate be-
tween DNA damage, p53 and chromatin dynamics. On the
other hand, the reduction in the basal levels of K14 acetylation
in H3, does not have any eﬀect in viability and fertility of the
Dmp53 null ﬂies. However, Dmp53 null organisms are very
sensitive to UV light irradiation and a short life span (our
own unpublished observations). During development, the
organism is exposed to genotoxic stress as consequence of
the cell metabolism. Dmp53 may participate in the DNA re-
pair during development and it is possible that the reduction
in K14 basal acetylation in the Dmp53 null ﬂy is product of
a deﬁcient DNA repair mechanism.
This work opens several interesting avenues that can be ex-
plored exploiting Drosophila genetics. For instance diﬀerent
mutant backgrounds in genes involved in genome stability,
including Dmp53 can be used for the analyses of diﬀerent his-
tone modiﬁcations after DNA damage. It can also be interest-
ing to ﬁnd out if these histone modiﬁcations are diﬀerent
depending on the chromatin state. Also, since there are two
pathways in NER, transcription coupled repair and global
genome repair it will be interesting to know if the increase in
histone acetylation after DNA damage is higher in transcribed
regions. However it is diﬃcult to determine diﬀerences in his-
tone modiﬁcations in speciﬁc sequences with this kind of anal-
ysis. These questions will be eventually answered by doing
chromatin inmunoprecipitations and genetics.
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